Determination of the crystal structure of an "open" unliganded active mutant (T141D) form of the Escherichia coli phosphate receptor for active transport has allowed calculation of the electrostatic surface potential for it and two other comparably modeled receptor structures (wild type and D137N). A discovery of considerable implication is the intensely negative potential of the phosphate-binding cleft. We 
Complementarity between protein and ligand forms the basis of biological specificity. The key forces determining protein specificity for charged ligands are electrostatic interactions. Reports of binding sites exhibiting surface electrostatic potentials complementary to the ligand are becoming common due to increases in protein structures that are available for analysis and recent advances in computational methods (1) . Therefore, a fundamental finding reported herein is that proteins that bind anionic ligands in sites with negative surface potential also exist. Our examples center on the periplasmic receptors of active transport for phosphate and sulfate and also include flavodoxins, glutathione reductase, and DNase I.
The ligand-bound, "closed" structures of the receptors for phosphate [or phosphate-binding protein (PBP)] from Escherichia coli and sulfate [or sulfate-binding protein (SBP)] from Salmonella typhimurium have been previously determined and refined at 1.7 A resolution (2, 3) . [The original 2 A resolution structure of SBP (3) has been further refined to 1.7 A (J. S. Sack and F.A.Q., unpublished data).] These structures, as well as those of 11 other members of the large family of proteins serving as initial receptors for bacterial active transport and chemotaxis, are similar overall (for review, see ref. 4 ). They consist of two globular domains (identified as I and II) connected by two or three short segments that act as a flexible hinge. The ligand is bound and sequestered in the deep cleft formed between the two domains. Remarkably, the completely buried and desolvated phosphate in PBP and sulfate in SBP are held tightly in place by extensive hydrogen-bonding interactions. The determination of an "open" cleft, ligand-free form of PBP, reported herein, and the modeling of a similar form of SBP allowed an assessment of the surface electrostatic potential of their respective anion binding clefts.
MATERIALS AND METHODS
T141D mutant E. coli was prepared as described previously (5) and extensively dialyzed at pH 8.5 to remove any phosphate. Crystals were grown in a hanging drop containing 7 mg/ml protein and a 1:4 dilution of the well solution: 20% (w/v) polyethylene glycol 6000, 50 mM KCl, 100 mM NH4Cl, and 20 mM CH3COOK, pH 4.5. The crystal has the spacegroup of P21
and unit cell dimensions of a = 73.22 A, b = 39.59 A, c = 113.61 A, and ,B = 92.80. The asymmetric unit contains two molecules, which were identified as A and B. Intensity data were collected at 4°C and processed as described previously (2, 5) . As the crystal decayed rapidly in the x-ray beam, only data to 2.4 A were collected (14,157 unique reflections with 46% complete in the last 2.51 to 2.40 A shell). As the crystal was not isomorphous with any previous crystals of PBP, we used molecular replacement technique as implemented in XPLOR (6) to determine the structure. We succeeded in obtaining solutions to the rotation and translation searches only by using domain II fragment of the wild-type structure (2) as a search model. The rotation solutions at Euler angles and translation in fractions of the unit cell for one domain II fragment are (01 = 278.23, 02 = 63.76, and 03 = 195.91) and (x = 0.033, y = 0, and z = 0.117), respectively, and for the other domain 11 (01 = 98.29, 02 = 117.87, and 03 = 163.93) and (x = 0.458, y = 0.017, and z = 0.383), respectively. Displaying the two models of the domain II fragment and symmetry related fragments using the program CHAIN (7) revealed no bad intermolecular contacts and a large empty area where domain I of both models could be placed. Guided by this observation, we successfully pieced together the two complete PBP models in the asymmetric unit. Each of the domain II models was overlapped with the identical domain of the complete structure of the ligandbound PBP. Domain I of both models was then rotated with respect to domain II about a hinge between the two domains connecting the a-carbons of residues 86 and 254 to place the domain in the empty space. This required about 250 rotation relative to the bound structure for both models to generate the open unliganded form with no bad contacts between the dimer and symmetry related molecules. These models were suitable for XPLOR rigid body refinement against the data to (1, 8) and running in the program GRASP (9) . Default values for charge (full charge), salt concentration (0.0), interior dielectric (2.0), and exterior dielectric (80.0) were used.
RESULTS AND DISCUSSION
A hinge-bending motion between the two domains of PBP modulates ligand access to and from the ligand-binding cleft. As shown in Fig. 1A , the two domains engulf and bind the ligand in the cleft, whereas in the ligand-free structure (Fig. 2B) but, as expected, less so than the T141D mutant structure (Fig. 2A) . The wild-type PBP from Mycobacterium tuberculosis (11) has a structure with surface potential more electrogenative than shown in Fig. 1B for the T141D structure (unpublished data).
In the PBP-phosphate complex structure, the completely buried and dehydrated phosphate forms hydrogen bonds with 11 donor groups and 1 acceptor group at Asp56 (Fig. 1C) (2) . Although the phosphate is salt linked with Argl35, which is in turn salt linked with Aspl37 (Fig. 1C) , recent site-directed mutagenesis, crystallographic, and binding studies indicate that phosphate affinity is quite insensitive to modulations of the charge interaction (10) . This has been attributed to the dominant role of many local dipoles, including polarizable hydrogen-bonding main chain peptide NH groups and hydroxyl sidechains (Fig. 1C) The structure of the Salmonella SBP receptor in the absence of the ligand has not been determined; nevertheless, bending the hinge between the two domains of the closed bound 1.7A structure to conform with an open structure similar to that of PBP allows calculation of its surface electrostatic potential without bound sulfate dianion. This calculation reveals an overall net charge of -8 of SBP and a dianion-binding cleft with a completely negative electrostatic potential (Fig. 3A) , although less intense than that of PBP (Fig. 1B) . Consistent with the stringent specificity of SBP for fully ionized tetrahedral oxydianions (15) , the sequestered sulfate is the recipient of seven hydrogen bonds solely from uncharged protein donor groups, of which five are backbone peptide NH (3) . A similar open model generated from the closed structure of the E. coli SBP shows an even more intense electronegative surface cleft (unpublished data).
Perhaps the most striking example of incompatibility of charged surface potential between protein and ligand is found in flavodoxin, which has a structure (16) very similar to either one of the domains of the transport receptors (17) . As shown in Fig. 3B , Clostridium MP flavodoxin binds the essentially buried flavin mononucleotide coenzyme with its negatively charged phosphoryl and highly hydrophobic flavin groups, despite an extremely intense negative electrostatic potential spread over a large surface area encompassing the coenzyme-binding site pocket. The protein exhibits a very unusually large net negative charge (-17), most of which contributes to the intense negative electrostatic potential in and around the binding site. The flavin mononucleotide phosphoryl group is the recipient of 10 hydrogen bonds from only neutral donor groups, divided equally between backbone peptide NH groups and hydroxyl sidechains. Intense electronegativity and hydrogen-bonding interactions are also exhibited in the binding site of structures of flavodoxins from Anabaena, Anacystis, Chondrus, and Desulfovibro (Protein Data Bank ID codes 1RCF, 1OFV, 2FCR, and 5FX2, respectively).] Similarly, we found that the phosphoryl groups of FAD and NAD are buried in electronegative sites of gluthathione reductase and are engaged in hydrogen-bonding interactions with only neutral groups (18) .
Even among protein-DNA interactions, examples of noncomplementarity of surface potentials between protein and ligand can be found. In the structure of the complex of DNase I with nicked octamer DNA (19) , negative electrostatic surface potentials are primarily found where contacts are made with DNA phosphoryl backbone groups (Fig. 3C) . The electronegative potentials are confined to the three sites involved strictly in hydrogen-bonding interactions of neutral protein groups with backbone phosphates from bases B306 Cyt, B307 Gua, and C313 Cyt. The one remaining backbone phosphoryl group (C314 Cyt) making contact with the enzyme is involved in a salt link. Interestingly, there are more positively charged residues engaged in hydrogen-bonding interactions with the DNA bases than with the phosphoryl groups. The involvement of one or more phosphoryl units in hydrogen-bonding interactions solely with neutral protein donor groups is a common feature in structures of proteins, including enzymes, complexed with charged mono-and dinucleotides and DNA (for other examples, see refs. 12 and 20-22). In several cases, these donor groups are deployed by glycine-rich loops or segments.
These varied examples provide ample proof that proteins may bind charged ligands at areas with electrostatic surface potential that is of the same charge as the ligand. Apparently, extensive hydrogen-bonding interactions, involving a significant number of polarizable main chain peptide NH groups and hydroxyl sidechains combined with van der Waals forces, are adequate for stabilizing the anion charges and offsetting the large solvation energy of the anions [e.g., experimental value of -260 kcal/mol for the sulfate (23)].
We are forced to question the influence of electrostatic surface potential on the binding of charged ligands. Phosphate binding by PBP is insensitive to the potential of the binding site cleft. This is demonstrated by mutations that at neutral pH alter the potential negatively (T141D) or positively (D137N) relative to wild-type PBP (Fig. 2) , but produce no change in affinity (5, 10) . Likewise for SBP, the insensitivity of sulfate affinity (Kd = 0.1 ,tM) on pH from 4.5 to 9 (15, 24) and on neutralization of near surface positively charged residue mutations (14) indicates that variations in the surface electrostatic potential due to normal ionization of charged residues have no effect on ligand binding. If surface potential were to effect binding or if the insensitivity was due to abnormal pKs of charged residues, affinity for a negatively charged ligand should be enhanced at low pH where ionizable residues in and around the cleft might be protonated. In fact, the opposite is true for wild-type PBP. Under relatively low salt conditions and high pH (8 to 9.3), where surface carboxylate sidechains are expected to be fully negative, phosphate binding to wildtype PBP (Kd of 0.3 ,uM) is actually about 10-fold tighter than at pH 4.5 (unpublished data; ref. 10 ).
Although the binding activity of PBP and SBP is unaffected by modulations of surface potential, it is extremely sensitive to electrostatic effects occurring at the local hydrogen-bonding level. This is best illustrated by two findings: (i) the dramatic effect of the T141D mutation on binding of monobasic phosphate, but not dibasic phosphate, and (ii) the strict nonoverlapping specificity between PBP and SBP. Whereas the additional negative charge in the binding site produced by the T141D mutation has no effect on phosphate affinity at pH below the pK2 of phosphoric acid (below pH 7.21, where the H2PO4 species exists almost exclusively1, it abolishes activity at pH well above the pK2 (where HPO04 predominates) (5). H2PO4 is bound because its two protons are able to pair with carboxylates from both Asp56, already present in the wild-type protein (Fig. 1C) , and Aspl41. The loss of activity of T141D at pH well above the pK2 level is attributed to charge repulsion from one of the unpaired carboxylates. In wild-type PBP, it is this very same mechanism that is exploited at Asp56 to allow the binding of phosphate, but not sulfate. As the sulfate is fully ionized (i.e., possesses no hydrogen at physiological pH), repulsion occurs at Asp56 specifically for this dianion. The importance of complete hydrogen bonding (i.e., no unpaired hydrogen bond donors or acceptors) in anion binding is even more powerfully demonstrated in SBP. SBP is unable to bind phosphate (15) because it contains no hydrogen bond acceptors in the binding site (3) . Significantly, this is true for SBP even though no charge repulsion exists at the unpaired site. Despite the potential for a large number of correctly matched hydrogen-bonding pairs, for both PBP and SBP receptors, a single mismatch represents a binding energy barrier of 6-7 kcal/mole.
The very precise arrangement of hydrogen bonding groups in the binding sites of the sulfate and phosphate receptors assures that only a ligand of exact hydrogen bonding complementarity may be bound and ultimately transported. Nonreliance on countercharged residues may enhance this discrimination against anions of incorrect hydrogen bonding capacity. Such exquisite specificity, preventing one anion nutrient from becoming an inhibitor of transport of the other anion, is a key feature also present in eukaryote transport systems. Additionally, the use of mainly dipolar interactions for anion ligand binding may promote fast solute release in active transport systems or in general rapid ion movement. Other biological processes in which a controlling role for dipolar interactions may be important include enzymatic activation of functional groups and/or stabilizing charged intermediates along the catalytic pathway (for examples, see ref. 12 ).
In conclusion, we have shown that predictions and explanations based on the Poisson-Boltzmann equation do not account for the binding of all charged ligands. Electronegative binding sites have been calculated for several proteins that bind anionic ligands. The activities of at least two of these proteins, the phosphate and sulfate receptors, are insensitive to changes in the potential of the binding site but very sensitive to effects at the local level. Even in the frequently cited cases, where protein-binding site potentials are complementary in charge, it remains difficult to sort out whether binding activity is sensitive to surface electrostatic potential or mostly local effects. 
